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Abstract 17 
 18 
Wastewater containing human sewage is often discharged with little or no treatment into the 19 
Antarctic marine environment. Faecal sterols (primarily coprostanol) in sediments have been 20 
used for assessment of human sewage contamination in this environment, but in situ 21 
production and indigenous faunal inputs can confound such determinations. Using GC-MS 22 
profiles of both C27 and C29 sterols, potential sources of faecal sterols were examined in near 23 
shore marine sediments, encompassing sites proximal and distal to the wastewater outfall at 24 
Davis Station, Antarctica.  Faeces from indigenous seals and penguins were also examined. 25 
Several indigenous species faeces contained significant quantities of coprostanol but not 26 
24-ethylcoprostanol, which is present in human faeces. In situ coprostanol and 27 
24-ethylcoprostanol production was identified by co-production of their respective epi-28 
isomers at sites remote from the wastewater source and in high total organic matter 29 
sediments.  A C29 sterols-based polyphasic likelihood assessment matrix for human sewage 30 
contamination is presented which distinguishes human from local fauna faecal inputs and in 31 
situ production in the Antarctic environment.  Sewage contamination was detected up to 1.5 32 
km from Davis Station. 33 
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Introduction 39 
 40 
Wastewater from Antarctic stations is frequently discharged into the marine environment 41 
with little or no treatment (Smith and Riddle, 2009). A recent review of wastewater treatment 42 
practices found 37% of permanent stations and 69% of summer-only stations lacked any form 43 
of treatment (Gröndahl et al. 2009). Treatment is not a requirement of the Environmental 44 
Protocol to the Antarctic Treaty (Madrid Protocol), which allows direct discharge into the sea 45 
where conditions exist for “initial dilution and dispersion” (Article 5). The treaty specifies a 46 
minimum of maceration treatment for stations with approximately 30 individuals or more 47 
over summer, and allows discharge from secondary treatment processes such as Rotary 48 
Biological Contactors (RBCs) provided it "does not adversely affect the local environment" 49 
(Jabour,  2009, Jackson and Kriwoken, 2011, Smith and Riddle, 2009).  50 
 51 
Effective environmental management of wastewater disposal in Antarctica requires an 52 
understanding of its environmental risks and assessment of dilution and dispersal. To 53 
evaluate the effectiveness of wastewater treatment, baseline data is required against which 54 
improvements can be evaluated. Faecal indicator bacteria such as Escherichia coli, 55 
thermotolerant coliforms (faecal coliforms) and faecal enterococci are commonly used to 56 
assess these factors. However, these organisms are also known to occur in Antarctic wildlife 57 
(Smith and Riddle, 2009). Coastal Antarctic stations are generally located on ice-free areas 58 
commonly used for breeding and haul-out by macrofauna such as Adélie penguins 59 
(Pygoscelis adeliae), south polar skuas (Stercorarius maccormicki) and southern elephant 60 
seals (Mirounga leonina), as well as largely sea-ice associated emperor penguins 61 
(Aptenodytes forsteri), Weddell (Leptonychotes weddelli) and leopard (Hydrurga leptonyx) 62 
 4 
seals. For environmental monitoring and assessment of human sewage distribution around 63 
Antarctic stations, the question arises: faecal contamination by whom?  Previous studies have 64 
used faecal sterols to identify the distribution of human-derived sewage effluents in the 65 
Antarctic context (Green et al., 1995, Montone et al., 2010).  However, the source specificity 66 
of this approach needs to be reassessed in light of evidence indicating Antarctic marine 67 
mammals are capable of producing significant quantities of the “human” faecal biomarker 68 
coprostanol (5β(H)-cholestan-3β-ol) (Venkatesan and Santiago, 1989). 69 
 70 
Faecal sterols have been used for over 40 years as indicators of faecal contamination, as well 71 
as to discriminate faecal contamination sources (see Table 1 and methods for details of 72 
nomenclature used).  The principal human faecal sterol is the C27 coprostanol, which 73 
constitutes ≈ 60% of total sterols found in human faeces (Leeming et al., 1996 and 1998b). In 74 
contrast, the principal faecal sterol excreted by herbivores is the C29 homologue of 75 
coprostanol; termed 24-ethylcoprostanol (24-ethyl-5β(H)-cholestan-3β-ol) [and not to be 76 
confused with 5β-stigmastanol (5β-cholesta-22-en-3β-ol) which is a phytosterol].  Neither 77 
biomarker is entirely unique to their source, rather they predominate in their respective hosts 78 
(see review of sterol biomarker specificity; Bull et al., (2002).  The most sensitive sterol 79 
parameter for identifying either human or herbivore-derived faecal contamination is the 5β/5α 80 
stanols ratio: the C27 pair for human contamination and the C29 pair for herbivores (Leeming 81 
et. al., 1996 and 1998b).  The C27 ratio pair was first proposed by Grimalt et al. (1990) as the 82 
ratio coprostanol/(coprostanol + cholestanol).  Leeming et al (1997 and 1998b) refined the 83 
ratio to coprostanol/cholestanol; with < 0.3 indicative of faecally uncontaminated, >0.5 84 
contaminated, and 0.3-0.5 requiring additional supporting data to assess status. 85 
 86 
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Due to the predominance of each biomarker in its respective source and similar degradation 87 
rates (Leeming, 1996), such sterol ratios retain sufficient accuracy over time for use in 88 
environmental source tracking and attribution.  But in the Antarctic, marine mammals may 89 
excrete sufficient coprostanol to confound the utility of this approach for sewage source 90 
tracking (Venkatesan and Santiago, 1989). We hypothesized that the coprostanol-homologue, 91 
plant-derived C29 sterols (similar in structure and isomerization to the C27 sterols, but 92 
containing an additional ethyl group) may overcome these limitations in the Antarctic 93 
context, as humans are the only mammals with a partially herbivorous diet present 94 
contributing substantial faecal inputs and associated sterols.  95 
 96 
Several studies have used coprostanol in Antarctica to define sewage distribution from 97 
stations, including McMurdo (US), Davis (Australia), Rothera (UK) and Comandante Ferraz 98 
(Brazil) (Martins et al., 2005; Venkatesan and Mersadeghi, 1992; Green and Nichols 1995, 99 
Hughes and Thompson, 2004, Montone et al., 2010).  All these studies acknowledged the 100 
potential confounding aspect of marine mammal coprostanol inputs, but none distinguished 101 
between human and indigenous animal faecal profiles. The original research by Venkatesen 102 
and Santiago (1986 ) and Venkatesen et al. (1989) on faecal sterol profiles of marine 103 
mammals was based on captive animals from San Diego Marine World (seals and penguins) 104 
and faeces from whales and dolphins living around, or transiting through, the San Diego area. 105 
Green and Nichols (1995) examined elephant seal and Adélie penguin faeces in the Vestfold 106 
Hills (site of Davis Station), but did not report coprostanol in the faeces of either animal or 107 
examine any other species. As a result, these studies presumed differences between the suite 108 
of C27 sterols and stanols, such as coprostanol and cholesterol (see Table 1 for sterol/stanol 109 
nomenclature), were sufficient to distinguish human from animal faecal contamination. 110 
 111 
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An additional confounding factor when assessing likelihood of human-derived faecal 112 
contamination of sediments is potential in-situ production of stanols in anoxic sediments 113 
(Nishimura, 1982).  The naturally occurring C27 stanol in pristine environments is 5α-114 
cholestanol (5α (H)-cholestan-3β-ol), as this isomer appears the most thermodynamically 115 
stable (Nishimura, 1982).  Toste (1976) previously demonstrated sediment anaerobes could 116 
produce 5β-stanols, but Nishimura showed a combination of available, labile organic matter 117 
and a drop in redox potential at, and just below, the sediment surface created favorable 118 
conditions for their production.  Such conditions occur in sediments near Davis station and 119 
likely many other parts of Antarctica; high levels of primary productivity, and depositional 120 
environments leading to anoxic sediments. This raises the potential for a third, sediment-121 
derived stanol source. 122 
 123 
To address the issue of faecal sterol source attribution in Antarctica, we investigated whether 124 
faeces from marine animals common around Davis station contained the C27 stanol, 125 
coprostanol and if so, whether these were at sufficient levels to confound the ability to 126 
distinguish human-derived sewage from indigenous animal faecal contamination. Suspecting 127 
this was the case given evidence from other studies (e.g. Martins et.al., 2002), we also 128 
examined marine animal faeces for the C29 herbivore faecal biomarker, 24-ethylcoprostanol.  129 
We also examined the issue of in-situ production of stanols in sediments and describe their 130 
sterol profiles at a range of uncontaminated sites. We then separately compared C27 and C29 131 
stanol ratio assessments of sediment samples to determine which biomarker suite would be 132 
more suitable for tracing human derived faecal contamination in Antarctica. Although we 133 
have a reasonable picture of the stanol profiles for each of the potential sources noted above, 134 
once the profiles are mixed, the assessment of contaminated versus uncontaminated sites 135 
becomes more difficult, particularly for locations at the edge of the sewage plume. We have 136 
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therefore constructed a practical likelihood assessment matrix based on stanol ratios, 137 
compatible with commonly evaluated parameters, such as indicator microorganisms and/or 138 
proximity to outfalls, and risk assessment (ISO/IEC 2004a, b) in order to objectively assess 139 
whether sites are likely to be affected by sewage. This study was part of a larger project 140 
examining the impacts of the wastewater outfall at Davis Station (Stark et al., 2011). 141 
 142 
Methods  143 
 144 
The sewage effluent examined in this study came from Australia’s Davis station situated on 145 
the coast of the ice-free Vestfold Hills (68.5746° S, 77.9671° E). Effluent at time of sampling 146 
consisted of macerated, un-treated sewage, which was being discharged into the intertidal 147 
zone near the station.  Samples of approximately 100 mL of effluent were collected in acid-148 
washed amber glass bottles from the end of the outfall line and stored at 1-5°C in the dark. 149 
Effluent sub-samples were filtered through 45 mm Whatman GFF (nominal pore size 0.7 µm; 150 
heated at 450°C overnight prior to use) and kept frozen until extraction.   151 
 152 
Sediment cores were collected by divers from 25 sites around the Vestfold Hills using acrylic 153 
core sleeves and caps, at increasing distances from the sewage outfall (Fig. 1). Cores were 154 
subsequently stored frozen at -18°C. Core sub-sampling was undertaken while cores were 155 
still frozen. For grain size analysis the outer 5 mm edge of the core was removed with a 156 
scalpel blade, placed in a clean, dried pre-weighed beaker, weighed, dried at 45 °C, 157 
reweighed, 2 mm sieved, and any residual sediment in the beaker weighed. The < 2 and  > 2 158 
mm fractions were separately collected and weighed. A 5 g sample of the < 2 mm fraction 159 
was used for grain size analysis, using a Malvern Mastersizer optical bench with Hydro 160 
2000g accessory, and particle refractive index of 1.544 (quartz) and 1.333 (water). Total 161 
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organic carbon (TOC) analysis was carried out using a 2 g homogenised wet sediment sub-162 
sample weighed into a pre-combusted crucible, dried at 105°C and reweighed before 163 
determination of total carbon by loss on ignition (LOI) at 550 °C for 4 h. For sterols analysis 164 
the top 1 cm was sliced from each core, and an approximately 3 g sediment sub-sample 165 
collected from the centre of the slice and placed in a pre-cleaned, pre-weighed glass vial. 166 
Weddell, Elephant, and Leopard seal, as well as Adélie Penguin faeces were aseptically 167 
collected into sterile 50 mL polycarbonate centrifuge tubes and kept refrigerated at 1-5°C. An 168 
additional Leopard seal sample was also obtained from Taronga Zoo, Sydney for verification 169 
of that species sterol profile. All samples were kept frozen until extraction. Originally, sub-170 
samples of animal faeces were composited and then analyzed. Subsequently, some individual 171 
Weddell seal faecal samples were analyzed to investigate their contribution(s) to differences 172 
between composites. Total organic carbon was estimated by loss on ignition (LOI) by heating 173 
dried sub-samples to 450° C overnight and re-weighing samples. 174 
 175 
All samples were extracted using a modified Bligh & Dyer solvent mixture (Bligh and Dyer 176 
1959) utilizing dichloromethane (DCM) instead of chloroform.  For each sample, 25 mL 177 
1:2:0.8 v/v/v dichloromethane/methanol/Milli-Q™ H2O was added, shaken vigorously and 178 
left to extract for a minimum of 12 h.  Total lipid extracts were recovered by breaking phase 179 
using 10 mL 1:1 DCM/NaCl-saturated Milli-Q™ H2O. Samples were shaken vigorously then 180 
centrifuged at 1000 rpm for 5 min. The solvent phase was pipetted from below the water 181 
layer into a round-bottomed flask. The samples were then re-extracted with another 5 mL 182 
DCM, and added to the corresponding round-bottom flask. Solvent from extracts was 183 
evaporated under reduced pressure using a rotary evaporator and water-bath at 35°C.  A small 184 
amount of methanol (2 mL) was added to help azitrope residual water. Total extracts were 185 
concentrated to near dryness (< 0.5 mL), and transferred to a glass screw-cap 10 mL 186 
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centrifuge tube using 3 X 1.5 mL DCM. Total extracts were reduced to near-dryness under 187 
N2 at 50°C. 188 
 189 
Saponification was carried out using ≈	 2 mL 5% KOH in methanol/ Milli-Q™ H2O (4:1 by 190 
vol), added to the total extracts from sediments. Six mL 5% KOH in methanol/H2O (4:1 by 191 
vol) was added to total extracts from effluent and faecal samples. Tubes containing extracts 192 
were flushed with N2 gas and heated to 80°C for 2 h. After cooling, 3 mL Milli-Q™ H2O and 193 
2 mL 4:1 Hexane:DCM were added, extracts mixed using a vortex mixer and centrifuged at 194 
2000 rpm for 2 min.  The top solvent layer was transferred to borosilicate glass GC-vials. 195 
This extraction of the saponified neutral extracts (TSN) was repeated twice more for each 196 
sample. The combined TSN extracts were dried under N2 and derivatised using 100 µL 197 
bis(trimethylsilyl)trifluoroacteamide (BSTFA) containing 1% TMCS (trimethylchlorosilane; 198 
Alltech, Deerfield USA). Mixtures were heated to 60°C for 60 min., BSTFA subsequently 199 
evaporated under N2, and TSN extracts prepared for GC analysis in DCM. 200 
 201 
Gas chromatography with flame ionization detection (GC-FID) was initially performed using 202 
a Varian 3800 controlled by Galaxie chromatography software (Agilent Technologies) to 203 
establish the optimal concentrations to run samples.  Faecal sterols were verified and 204 
quantified by Gas chromatography with mass spectral detection (GC-MS) using a 205 
ThermoQuest Trace DSQ™ bench top MS fitted with direct capillary inlet.  GC-FID and GC-206 
MS were both equipped with 50 m x 0.32 mm i.d. cross-linked 5% phenyl-methyl silicone 207 
(HP5) fused-silica capillary columns with He carrier gas set at 1.6 mL/min constant flow.  208 
GC oven conditions were; initial temperature 45°C, hold 1 min,  25°C/min to 180°C, 209 
2.5°C/min to 295°C, 8°C/min to 310°C, hold 10 min.  Samples and standards were applied to 210 
the columns using 0.5 µL injections.  Samples were run in scan mode to verify compound 211 
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identity and multiple times (where required to ensure linearity) in selective ion monitoring 212 
(SIM) mode for quantification.  The algal sterols from phytol down in Table 2 were 213 
quantified by GC-FID and are shown for reference and additional context.  The mass ions 214 
(mz) scanned for faecal sterols were chosen on the basis of abundance and distinctiveness.  215 
For instance, the most abundant mass fragment for 5α-cholestanol is mz 215.  But many other 216 
stanols also have this fragment.  So we used the M-15 mass fragment, mz 445 for 5α-217 
cholestanol as it is sufficiently abundant for quantification but more diagnostic than mz 215.  218 
Mass ion fragments used in SIM quantification are given in Table 1.  Xcalibur software was 219 
used for processing.  Sterols were quantified using a synthetic sterol 5β(H)-cholan-24-ol 220 
(Chiron AS, Norway) as the internal standard which was added prior to extraction. Five point 221 
sets of calibration standards ranging from 4 ng/µL to 60 ng/µL were used to calculate 222 
individual response factors to the internal standard which were within the linear range for the 223 
instrument set up.  R2 values for the calibration regressions were all > 0.85 and accuracy of 224 
measured standards versus predicted values were always closer than a 10% difference.  225 
Limits of detection for each matrix type are given at the bottom of Table 2.  Standards were 226 
obtained from Sigma and Chiron AS, Norway, except for epi-cholestanol (5β(H)-cholestan-227 
3β-ol) and 24-ethyl-epi-coprostanol (24-ethyl-5β(H)-cholestan-3β-ol).  Responses to the 228 
internal standard for these two compounds were calculated from cleaned up lab standards of 229 
anaerobic sediment and cow manure respectively that had been quantified by GC-FID using 230 
the same response factors as their closest homologues, epi-coprostanol and coprostanol 231 
respectively.  While not covering all the compounds herein, an assessment of the method 232 
recoveries for the main C27 sterols can be found in Borjesson et al. (1998). 233 
 234 
Nomenclature: For brevity in the text, the term “5β/5α stanol ratio” refers equally to the ratios 235 
of coprostanol/5α-cholestanol and 24-ethylcoprostanol/24-ethylcholestanol unless a C27 or 236 
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C29 prefix is given in which case it refers specifically to the former or latter ratio. Coprostanol 237 
is the C27 homologue of the C29 stanol 24-ethylcoprostanol just as cholesterol and 24-238 
ethylcholesterol and epi-coprostanol and 24-ethyl-epi-coprostanol are also respective 239 
homologue pairs. Epi-isomers have the hydroxyl (OH) group in the α-configuration rather 240 
than β-configuration at carbon position three. Unless epi is stated, the stanol referred to is the 241 
non-epimerized 3β-OH stanol.  When epi-isomers are compared to 5β-stanols, the 242 
relationship is always within the C27 or C29 group respectively. Cholesterol is the precursor to 243 
the suite of C27 stanols just as 24-ethylcholesterol is the precursor to the C29 stanols. Where 244 
error bars are shown, n=2. 245 
 246 
Results 247 
The sterol profile of sewage effluent was generally typical of human waste as described in 248 
many other studies; i.e. a  high ratio of both C27 and C29 5β/5α stanols (ratio > 40) resulting 249 
from preferential microbial utilization of Δ5-sterols to 5β(H)-stanols (Δ denotes double bond, 250 
5 denotes carbon position – see notes in Table 1). The concentration of coprostanol was 251 
greater than 24-ethylcoprostanol by a ratio of ≥ 2:1, and epi-isomers were below the 252 
minimum detection limit (MDL) (Table 2, see also Leeming 1996 and Leeming et. al. 1997).  253 
Of particular note, the precursor cholesterol was in greater concentration than coprostanol in 254 
both the effluent and sediment collected at the outfall pipe; whereas for the corresponding C29 255 
pair, 24-ethylcholesterol and 24-ethylcoprostanol, the latter was more abundant though not 256 
significantly so (Table 2).   257 
 258 
The faecal biomarker profiles of the three species of marine mammals and the penguin 259 
showed both Weddell and Elephant seals contained coprostanol and high levels of cholesterol 260 
(relative to other sterols) in their faeces (Table 2).  We found that Elephant seals (n = 5 from 261 
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one composite sample), which congregate adjacent to the sewage outfall, also had high 262 
cholesterol levels (relative to other sterols), with C29 sterols below the MDL. Epi-isomers 263 
were below the minimum detection limit (MDL) in all cases. 264 
 265 
We initially analyzed three composite samples (n = 3 each composite) of faeces from nine 266 
individual Weddell seals to determine whether coprostanol was present. Two of the Weddell 267 
seal composite samples were similar to the Elephant seal samples; very high cholesterol (> 8 268 
mg/g, wet wt.), no detectable C29 sterols or stanols, but small amounts of both C27 5β- and 5α-269 
stanols.  However, one Weddell seal composite had a very high coprostanol concentration, 270 
with C27 sterol and stanol ratios more similar to human effluent. This prompted individual 271 
analysis of the remaining available Weddell seal faeces (n = 4), which found that these 272 
individuals had concentrations of coprostanol and C27 5β/5α stanols ratios similar to human 273 
effluent. The values shown in Table 2 are therefore an average from 7 samples comprising 13 274 
animal stools.  The high degree of variability in the presence of coprostanol is reflected in the 275 
standard deviation.  A trace amount of the C29 stanol, 24-ethylcoprostanol was detected in 276 
one of the Weddell seal composite samples. 277 
 278 
Leopard seal faeces (Hydrurga leptonyx) (n = 2) contained primarily cholesterol and < MDL 279 
coprostanol, indicating their gut microflora were not capable of converting Δ5-sterols to 280 
stanols. Adélie penguin faeces (two composite samples of n = 6 and n = 5) also had very high 281 
cholesterol concentrations (> 2.8 mg/g wet wt), trace amounts of 5α-cholestanol, and no 282 
detectable coprostanol.  No C29 sterols or stanols were detected in samples from either of 283 
these species (Table 2).  284 
 285 
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Total organic carbon (TOC) was correlated with sediment fine grain sizes, particularly in silts 286 
(15 – 63 µm, R > 0.9, p < 0.05). Of the 25 sites shown in Figure 1, 11 were located within 1 287 
km of the sewage outfall. Of these, sites 7 and 9 had % TOC values of 5.8% and 8.7%, 288 
respectively with all other sites in this proximate group < 2.2% TOC and with coarser grain 289 
sediments.  At more distal sites, six sites had TOC < 1.5%, and eight sites were more 290 
depositional in nature, with TOC values up to 13%. Overall there were two distinct sediment 291 
types for comparing sterol profiles: (1) coarse-low TOC; and (2) fine-high TOC. 292 
 293 
Examples of the low TOC sediment type were sites 13B and 14B.  Both had low 294 
concentrations of the precursor sterols cholesterol and 24-ethylcholesterol and ratios of C27 295 
and C29 5β-/5α-stanols < 0.3. The amounts of epi-isomers relative to 5β-stanols in these 296 
samples were variable due to their low abundance.  Sites 14A and 15A were typical of sterol 297 
profiles measured in the high TOC sediment type, with C27 and C29 5β-/5α-stanol ratios < 0.2 298 
and epi-isomer/5β-stanol ratios > 0.4. There was a broadly-positive relationship between 299 
increasing distance from the outfall and increasing ratio of epi-isomers to respective non-epi 300 
counterparts (Figs. 2B and 3B), as well as a positive correlation between grain sizes 301 
< 250 µm and the ratio of C29 24-ethyl-epi-coprostanol/24-ethylcoprostanol (R = 0.64).  Sites 302 
12 (low % TOC) and 13A (high % TOC) were unusual as both had substantially elevated 303 
concentrations of the C29 24-ethylcoprostanol, but exhibited characteristics indicating sterols 304 
were not of faecal origin. For example, both sites had high concentrations of the precursor 305 
sterol 24-ethylcholesterol. For both sites C27 and C29 5β/5α stanol ratios were < 0.3. But site 306 
13A had a low C29 epi-isomer/5β-stanol ratio, unlike site 12. 307 
 308 
Levels of the C27 human faecal biomarker coprostanol were highest in sediments within 1 km 309 
of the outfall, at 5-29 µg/g of carbon (Fig. 2C) except for site 2. Intertidal sand directly below 310 
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the outfall contained 1.26 µg/g dry wt coprostanol, and station wastewater contained 4.2 311 
mg/L (Table 2). Coprostanol concentrations > 1 km from the outfall were generally below 3 312 
µg/g of carbon, except sites 10B, 12 and 13A (Fig. 2C). The C27 5β/5α stanol ratio was > 0.5 313 
only at the outfall and > 0.3 at sites 6 and 10B.  All other sites had C27 5β/5α stanol ratios of 314 
< 0.3 with a decreasing trend with distance from the outfall barely apparent (Fig. 2A). In 315 
contrast, concentrations of the C29 stanol 24-ethyl-coprostanol, and C29 5β/5α stanol ratios, 316 
showed a more consistent decreasing trend with distance from the outfall than their respective 317 
C27 homologues (cf  Figs. 3 and 2 respectively).  C29 5β/5α ratios were > 0.5 at 5 of the 11 318 
sites and within 1 km of the outfall and a further 4 were greater than 0.45.   319 
 320 
Discussion 321 
There are three potential sources of C27 5β-stanols (coprostanol) in Antarctica; humans, 322 
marine animals, and in-situ biohydrogenation of sterols in anoxic sediments. The faeces of 323 
Elephant-, Weddell-, and Leopard seal, as well as Adélie penguins are also a source of 5α-324 
cholestanol, as they contained large amounts of cholesterol relative to other sterols, which is 325 
converted to 5α-cholestanol in aerobic conditions. Hence, if sediments contained coprostanol 326 
from indigenous marine animals, it could lead to a false positive assessment of human faecal 327 
contamination (HFC). Marine animal addition of 5α-cholestanol could alternatively skew the 328 
C27 5β/5α stanol ratio the other way to potentially return a false negative result.  Cholesterol-329 
rich food waste (primarily from inclusion of meat and cooking oil) is included in the station 330 
wastewater stream, as evidenced by greater quantities of cholesterol than coprostanol in 331 
effluent (Table 2), and its conversion to cholestanol also potentially skews the C27 5β/5α 332 
stanol ratio to give a false negative result.  In summary, multiple sources produce one or both 333 
of the principal C27 stanol biomarkers used in previous studies for faecal contamination 334 
assessment. Our results show there are only two sources of C29 5β-stanols, as none of the 335 
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marine animal faeces in the Davis area contained 24-ethylcoprostanol (Table 2). We conclude 336 
that the primary C27 5β/5α stanols-based ratio assessment for faecal contamination should 337 
instead be based on the C29 suite of sterols in Antarctica due to fewer confounding C29 338 
sources. 339 
 340 
This leaves in situ production of 5β- and 5α stanols as a potential confounding input to 341 
accurate site assessment.  The best indicator of in situ anaerobic hydrogenation of sterols are 342 
higher ratios of epi-stanol isomers to their respective 5β-stanol counterparts (Table 1), which 343 
in this case were the C29 homologues. This is supported by the correlation between TOC or 344 
fine grain sizes (i.e. favoring anoxic conditions) and increased C29 epi-isomer/5β-stanol ratios 345 
(24-ethyl-epi-coprostanol/24-ethylcoprostanol) observed in this study. The C27 epi-isomer/5β-346 
stanol (epi-coprostanol/coprostanol) ratio showed a similar but more variable trend (Fig. 2B), 347 
one possible explanation for which could be attributable to the dominant stanol in whales 348 
faeces, which is the C27 epi-isomer (epi-coprostanol) (Venkatesan and Santiago1989). 349 
Therefore the C27 epi-isomer/5β-stanol ratio may not be a reliable indicator of in situ stanols 350 
production in comparison to the C29 homologue. 351 
 352 
To clarify use of the various stanol ratios, Leeming et al. (1998b) produced a flow chart to 353 
distinguish human from herbivore faecal contamination in temperate water and sediment 354 
samples. In the present study we combined that approach with a weighted risk assessment 355 
model and developed a polyphasic HFC likelihood assessment matrix that was then applied 356 
to Davis sediment samples (Fig. 4).  The assessment matrix initially uses two principal 357 
criteria that need to be assessed together to establish faecal contamination likelihood. The 358 
precautionary principal used in risk assessment is applied here so that if a sample value has a 359 
mean and standard variation, then the value which would lead to a higher likelihood is used. 360 
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The first criteria assesses the potential likelihood for human faecal contamination (Level 1A, 361 
Fig. 4) and the second assesses the likelihood of in-situ stanol production as a confounding 362 
factor (Level 1B, Fig. 4).  These two criteria comprise the initial Level 1 assessment, which 363 
alone resolved contamination likelihood of the majority of the near-source and remote sites 364 
without requiring further assessment. Sites proximal to the outfall are more likely to have 365 
large quantities of human faecal-derived 5β-stanols than distal sites, producing Level 1A 366 
results > 0.5 and Level 1B results < 0.3, with a resultant cumulative score of “+4” and final 367 
“high” likelihood. The low likelihood of in-situ stanol production at these sites (low epi-368 
isomer ratio) is insufficient to change their assessment as high likelihood of contamination. 369 
Further assessment of sites with 5β/5α stanol ratios < 0.3 at level 1A is unnecessary as the 370 
primary criteria for HFC has not been reached (Fig. 3A).  371 
 372 
A moderate risk of HFC (a Level 1 cumulative score of 3) can be obtained in 2 ways. Firstly, 373 
by a high likelihood of human-derived faecal contamination, with 5β/5α ratio > 0.5 (Level 374 
1A +3), combined with a moderate likelihood of in-situ 5β-stanols production, with 375 
intermediate epi-isomer ratio (level 1B +0) (Fig. 4). Secondly, a moderate likelihood of 376 
human-derived faecal contamination (Level 1A +2) combined with a low likelihood of in-situ 377 
stanol production (Level 1B +1).  378 
 379 
Indeterminate assessments that produce a Level 1 cumulative score of 1 or 2 constitute 380 
borderline cases where the combination of Level 1A and 1B ratios mean that sources are 381 
difficult to attribute without additional information. Level 2 assessments can use ancillary 382 
information such as: the epi-isomer ratio of the alternative C27 homologues; presence of 383 
human faecal indicator microorganisms if available (E. coli, faecal enterococci, F+ RNA 384 
coliphage, etc.) in substantial numbers; the proximity of the site to a sewage outfall; or the 385 
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status of the site next-closest to the sewage/faecal source (Fig. 4). E. coli and 386 
enterococci were detected at ≤ 22 CFU/100 ml and ≤ 10 CFU/g dry weight in near 387 
shore Vestfold Hills water and sediment samples, respectively, collected near penguin 388 
colonies and Weddell seal near-shore, sea-ice, tide-crack haul outs >3.6 km from the 389 
wastewater outfall (data not shown). These faecal indicator organisms are known to occur in 390 
Weddell seal and Adélie penguin faeces, and have been detected in marine waters and 391 
sediments near similar groupings of Antarctic indigenous animals at similar concentrations; 392 
including ≤  5 PFU F+ RNA coliphage/g dry weight sediment (Smith and Riddle, 393 
2009). However, higher concentrations of these faecal indicator organisms may occur 394 
immediately proximal to penguin rookeries and/or seal wallows/haul-outs (Smith and Riddle, 395 
2009). Given the overall combined sampling and measurement uncertainty of these 396 
microbiological measurands, and their proposed use in the present context as an ancillary 397 
factor for determination of human faecal contamination risk in conjunction with sterols-398 
derived data and other ancillary factors, values of ≥ 25 CFU indicator bacteria or ≥ 1 PFU F+ 399 
RNA coliphage/100 ml overlying water column; or ≥ 10 CFU indicator bacteria or ≥ 1 PFU 400 
F+ RNA coliphage/g dry weight sediment are recommended as substantially indicative of 401 
human faecal contamination.  Enterococci are recommended over thermotolerant coliforms 402 
or E. coli as faecal indicator microorganisms for marine environments (Smith et al. 1994, 403 
WHO, 2003). Despite the fact that this paper shows C27 stanol ratios to be a less reliable 404 
indicator of HFC in Antarctica,  we include the C27 stanol ratio in the Level 2 ancillary 405 
assessment because; (i) their measurement should be performed as part of a comprehensive 406 
sterol analysis; (ii) despite unreliability, the C27 stanol ratio(s) shed additional light on the 407 
degree of anoxia in the sediments and the overall environmental inputs which may include 408 
native fauna;, and (iii) they form only a part of the level 2 assessment and their weighting is 409 
much less than their C29 counterparts. 410 
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 411 
In order to demonstrate the improvement this proposed scheme offers, we separately applied 412 
this likelihood matrix to all our Davis sediment samples using C27 stanols as the primary 413 
criteria and C29 stanols as supporting information.  In other words, swapping the paradigm 414 
back to the established methodology.   This C27 sterol-focussed assessment (Fig. 2C) closely 415 
mirrors previous assessments in temperate systems (Leeming et al., 1998b) which were solely 416 
based on the C27 stanol ratios in figures 2A and 2B.  The results of this C27 assessment shown 417 
in Figure 2 did not require any level 2 assessments. In contrast, the C29 based, colour-coded 418 
final site assessments (Fig. 3C) are primarily based on the C29 stanol ratios from figures 3A 419 
and 3B with level 2 assessments from Figures 2A and 2B and where required. 420 
 421 
Using C29 based ratios, Davis sediments from sites 0-4 and 6 (< 1 km from outfall) were 422 
classified as a high likelihood of contamination with human faeces, and as in-situ stanol 423 
production at these sites was negligible, the bars for these sites have been colored red in all 424 
three plots (Fig 3).  Site 10C was also classified as a high likelihood of contamination 425 
because Level 1A scored a value of 3 and Level 1B scored a 1 because the error bar was 426 
below the 0.3 criteria.  HFC likelihood assessment using C27 stanols (Fig. 2A) indicated only 427 
site 0 (40 m from outfall) and site 6 as high likelihood (Fig. 2C). This illustrates the loss of 428 
HFC assessment sensitivity at contaminated sites using C27 rather than C29 stanol ratios, 429 
which is caused by the presence of marine animal faeces and cholesterol from the station 430 
wastewater.  Sediments with negligible Level 1A HFC likelihood scores do not require 431 
further assessment, and have been colored green in both plots (Figs. 2 and 3). C29-based HFC 432 
assessment classified nine sites as negligible likelihood (Fig. 3) and 5 sites as requiring 433 
further (Level 2) assessment. In contrast, using C27 sterols at Level 1A, 22 of 25 sites were 434 
assessed as negligible likelihood, including some of the closest sites to the Davis outfall (Fig. 435 
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2), with no sites indicated as requiring further Level 2 assessment. These substantially 436 
different outcomes demonstrate use of C27 stanols for Level 1A assessment results in a much 437 
higher probability of false negative likelihoods. 438 
 439 
Using the C29-based matrix, five sites required Level 2 assessments. Remote sites 14B and 440 
15C were assessed as negligible likelihood. Site 11A, at the southern extremity of sites in a 441 
direct line down-current of the sewage outfall, also resulted in negligible HFC likelihood. It’s 442 
up-current neighbor, site 11B, was assessed as low likelihood where as the next site up-443 
plume, site 17 was assessed as moderate likelihood. Site 16, 1.18 km to the north of the 444 
outfall was assessed as a low likelihood of contamination.  These outcomes fit with data 445 
regarding prevailing current direction, sewage plume dispersion and directionality, as well as 446 
other data such as heavy metals (collected by other researchers as part of a broad study of 447 
Davis sewage (Stark et al., 2011) and papers in preparation), which were higher at site 10C 448 
than at many other remote sites (Stark et al., 2011) suggesting anthropogenic contaminants 449 
are deposited at least this far south. 450 
 451 
Once HFC likelihood has been established, the degree of contamination can be compared by 452 
using the quantity of 5β-stanols (24-ethylcoprostanol) in sediments.  We have chosen to show 453 
the concentration of 24-ethylcoprostanol (Fig. 3C) and the concentration of coprostanol (Fig. 454 
2C) in µg of stanol per g carbon.  Such normalization to carbon helps in comparisons of sites 455 
with different depositional environments. Note that the trends between Figs. 3A (C29 5β/5α-456 
stanol ratio) and 3C (24-ethycoprostanol) are quite similar except for sites 12 and 13A, which 457 
had comparable or higher amounts of 24-ethylcoprostanol/g C than many of the high HFC 458 
likelihood sites. Sites 12 and 13A are both remote, with stanol ratio values indicating 459 
negligible HFC likelihood, but both had quantity of 24-ethylcholesterol (the precursor of 24-460 
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ethycoprostanol) of 100 and > 2000 µg/g C which led to the formation of quantities of C29 5β, 461 
5α and epi-stanols comparable to the outfall sites (Fig. 3C). This further illustrates why 5β-462 
stanol concentration data alone cannot solely be relied upon for HFC assessment.  463 
 464 
Finally, differences in human dietary intake in individuals do affect sterols ratios. But across 465 
populations these differences are smoothed to a population average which is what is 466 
measured at a point source such as an STP. Unless a population consumes no vegetable 467 
matter at all, C29 stanols can provide a measureable indicator of HFC.  This point source 468 
should always be checked for the presence of C29 stanols and be the reference against which 469 
remote samples are assessed.   470 
 471 
 472 
Conclusion 473 
Weddell and Elephant seals faeces were found to contain significant quantities of the faecal 474 
biomarker coprostanol, which is also found in humans, but not the corresponding C29 475 
herbivore faecal tracer, 24-ethylcoprostanol. Thus for Antarctic use we propose reversing the 476 
commonly used C27 faecal coprostanol source tracer approach by using the C29 based 477 
herbivore faecal tracer 24-ethylcoprostanol to indicate human rather than non-human faecal 478 
contamination, as humans are the only mammals with a partially herbivorous diet in 479 
Antarctica.  Antarctic studies using C27 coprostanol as a human faecal tracer may produce 480 
interpretations confounded by indigenous marine mammal inputs. The application of a 481 
likelihood assessment matrix to this data was able to objectively disentangle the presence of 482 
human faecal contamination from multiple sources of sterols and stanols.  483 
 484 
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Use of these recommended ratios offer a potentially powerful monitoring and assessment tool 485 
for use in the Antarctic (and potentially sub-Antarctic) to: (i) assess dispersal and dilution of 486 
sewage from outfalls; (ii) assess the possibility of sewage discharge in areas of frequent 487 
tourist ship visitation; (iii) broadly indicate other potential sewage-related risks, such as 488 
introduction of non-native microorganisms, pathogens and diseases, or chemical 489 
contamination; (iv) determine whether potable water sources are contaminated by human 490 
sewage; (v) and determine the efficacy of waste treatment and/or wastewater discharge 491 
minimization. Together with environmental impact information, the sterols-based likelihood 492 
assessment matrix produced in this study can be used to assess overall environmental risk, 493 
compatible with standardized risk assessment and environmental management procedures 494 
(ISO/IEC 2004a, 2004b). 495 
This study was part of a larger project examining the impacts of the wastewater outfall at 496 
Davis Station (Stark et al., 2011). The results of this study indicate that through the use of C29 497 
sterol ratios, human sewage contamination is detectable up to 2 km from the outfall. This is 498 
corroborated by data on other contaminants such as metals in sediments and also fits  with 499 
prevailing hydrodynamic conditions, which will be the subject of other papers. 500 
 501 
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 Table 1.   Systematic and trivial names and description of C27 and C29 sterols used in this study 
Systematic name Trivial name Description Systematic name Trivial name Description 
C27  sterols and stanols   C29  sterols and stanols   
cholest-5-en-3β-ol cholesterol C27 precursor to 5α and 5β-
stanols – constituent of animal 
cell membranes. 
 
24-ethylcholest-5-en-3β-ol 24-ethylcholesterol 
β-sitosterol 
C29 precursor to 5α and 5β-
stanols - constituent of plant cell 
membranes. 
5β-cholestan-3β-ol coprostanol human faecal biomarker - high 
*relative amounts indicate 
fresh human faecal 
contamination.  
 
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol herbivore faecal biomarker - high 
*relative amounts indicate 
herbivore faecal contamination.  
5β-cholestan-3α-ol epi-coprostanol  present in sewage sludges - 
high relative amounts suggest 
older faecal contamination 
and/or anaerobic sediments.  
 
24-ethyl-5β-cholestan-3α-ol 24-ethyl-epi-coprostanol also present some herbivore 
faeces. 
5α-cholestan-3β-ol cholestanol 
(5α-cholestanol) 
thermodynamically most 
stable isomer, ubiquitous – 
usually if ratio of 
coprostanol/cholestanol is < 
0.3, there is low likelihood 5β-
stanols are of faecal origin; if 
≥ 0.3 - < 0.5, moderate 
likelihood; if ≥ 0.5, high 
likelihood. 
 
24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 
(24-ethyl-5α-cholestanol) 
sitostanol 
thermodynamically most stable 
isomer, ubiquitous –usually,  if 
the ratio of 24-
ethylcoprostanol/24-
ethylcholestanol is < 0.3 there is 
low likelihood 5β-stanols are of 
faecal origin; if ≥ 0.3 - < 0.5, 
moderate likelihood; if ≥ 0.5, high 
likelihood. 
5α-cholestan-3α-ol epi-cholestanol presence indicates 
biohydrogenation of precursor 
“cholesterol”  in anoxic 
sediments. 
 
24-ethyl-5α-cholestan-3α-ol 24-ethyl-epi-cholestanol may co-elute in trace amounts 
with 24-ethyl-epi-coprostanol, but 
not separately identified in this or 
any previous work by authors. 
*Relative to: 24-ethylcoprostanol in the case of coprostanol; relative to coprostanol in the case of 24-ethylcoprostanol. See Leeming et al. 1998b for respective criteria. 
Note: Δ5-sterol designates the location of the double bond in sterol ring structure. Microbes hydrogenate this double bond to either 5β(H) or 5α(H); the resulting sterol is then 
termed a stanol. (OH) is the hydroxyl group. Therefore both coprostanol and 24-ethylcoprostanol  have a 5β(H) - 3β(OH) configuration. 
 
 
Table 2.   Ratios and concentrations (± standard deviation where possible) of faecal and other biomarkers in faecal and 
effluent reference samples from of Davis Station and surroundings. 
 
        
 
Reference Sample Sewage effluent  
Sediment at 
Outfall  
Adelie 
Penguin  
Weddell 
Seal  
Elephant  
Seal  
Leopard  
Seal  
Site 14A   
 
Site 15A 
 
        
 
coprostanol 4.2  ± 0.5 1263   ND 1.3  ± 2.1 0.02   ND 2.4 1.4 
epi-cholestanol   ND 15.9   ND   ND   ND   ND 1.5 0.8 
epi-coprostanol   ND  ND   ND   ND   ND   ND 1.2 1.1 
cholesterol 9.8  ± 3.0 4377 5.7  ± 4.1 5.6  ± 5.1 3.6 76.9  ± 70.9 52.9 71.3 
cholestanol 0.1 0.01 75.0 TR 0.03  ± 0.03 0.01 2.7  ± 1.3 26.3 21.4 
24-ethylcoprostanol 2.1  ± 0.3 291   ND   ND   ND   ND 3.4 1.8 
24-ethyl-epi-coprostanol   ND  ND   ND   ND   ND   ND 1.4 1.2 
24-ethylcholesterol 1.7  ±  1.6 167   ND   ND   ND 0.7  ± 0.01 43.1 36.3 
24-ethylcholestanol 0.05  ± 0.01   ND   ND   ND   ND 0.1 24.1 19.9 
phytol TR 4598   ND   ND  ND 15.5  ± 0.4 658 1026 
22-dehydrocholesterol 4.0 2673 0.08 0.1 0.06   ND 2.1  ± 0.1 81.0 62.7 
22-dehydrocholestanol  ND 107   ND   ND   ND   ND 33.2 20.9 
desmosterol 0.1 1732 0.03 TR 0.01   ND 15.6 6.5 
brassicasterol 0.1 1023   ND   ND   ND 0.9  ± 0.8 58.8 41.9 
24-methylenecholesterol 0.1 1607 0.03 TR  TR 3.4  ± 0.8 89.4 67.4 
campesterol 0.1 685   ND   ND  TR 1.2  ± 0.02 61.1 48.1 
stigmasterol ND 196   ND   ND   ND 0.3  ± 0.02 29.4 34.4 
        
 
Ratio coprostanol / 
5a-cholestanol 49 17 <0.01 41 2.22 <0.01 0.09 0.06 
Ratio 24-ethylcoprostanol / 
24-ethyl-5a-cholestanol 44 nq nq nq nq <0.01 0.14 0.09 
 Concentrations in (mg/L)  detection limit 0.001 nq = not quantifiable %total organic carbon 
 Concentrations in  (ng/g dry wt) detection limit 5  ND = not detected  Site 14A = 9.3% 
 Concentrations in (mg/g wet wt) detection limit 0.02  TR = trace amounts Site 15A = 10% 
 Concentrations in  (µg/g of carbon)   detection limit 0.02 
Fig. 1. Map of sediment collection sites around Davis Station. 
 
 
Fig. 2. Ratios of C27 stanols (A, B) and levels of coprostanol (C) in near-shore marine 
sediments of the Vestfold Hills with increasing distance from Davis station, 
Antarctica. Sites are stratified by distance (primary strata) and likelihood of human 
faecal contamination from C27-sterol data (secondary strata). See figure 1 for sample 
site locations. Bar shading indicates level of likelihood of human faecal 
contamination consistent with figure 4.;          negligible,         low,         moderate,  
        high. Overall likelihood (C) was determined using the assessment criteria 
described in figure 4 using data only from A and B.  Dashed lines in figures A and B 
indicate respective ratio-likelihood criteria, while that in C indicates distance from 
outfall. Error bars are standard deviation (n = 2). 
 
 
 
Fig. 3. Ratios of C29 stanols (A, B) and levels of 24-ethylcoprostanol (C) in near-shore 
marine sediments of the Vestfold Hills with increasing distance from Davis station, 
Antarctica. Sites are stratified by distance (primary strata) and likelihood of human 
faecal contamination from C29-sterol data (secondary strata). See figure 1 for sample 
site locations. Bar shading indicates level of likelihood of human faecal 
contamination;         level 2 assessment required,          negligible,   low,   
         moderate,         high. Overall likelihood (C) was determined using the 
progressive assessment criteria described in figure 4 using data from A and B. Dashed 
lines in figures A and B indicate respective  ratio-likelihood criteria, while that in C 
indicates distance from outfall. ND = 24-ethyl-epi-coprostanol not detected.  Error 
bars indicate standard deviation (n = 2).  
 
 
Fig. 4.  Sewage contamination likelihood criteria and assessment matrix used to 
assess samples from Davis Station, Antarctica. 
Level 1A: likelihood of human sewage contamination    
Level 1B: likelihood of in-situ C29 stanols production  
Level 2A: likelihood of in-situ C27 stanols production  
Level 2B: subjective likelihood based on other faecal indicators; e.g faecal enterococci,  etc. 
Level 2C: proximal ≈ < 1 km from sewage/faecal source  
Level 2D: proximal = site next-closest to sewage/faecal source 
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